Adaptations to change in oxygen availability are crucial for survival of multi-cellular organisms and are also implicated in several disease states. Such adaptations rely upon gene expression regulated by the heterodimeric transcription factors HIFs (hypoxiainducible factors). Enzymes that link changes in oxygen tensions with the stability and transcriptional activity of HIFs are considered as oxygen sensors. These enzymes are oxygen-, iron-and 2-oxoglutarate-dependent dioxygenases that hydroxylate key proline and asparagine residues in HIFα subunits. The constitutive inhibitory action of these enzymes on HIFs is relieved by hypoxia and by agents that displace iron or 2-oxoglutarate. Two of the enzymes, HPH (HIF prolyl hydroxylase)-1 and HPH-2, are known to be inducible by hypoxia in a HIF-dependent manner. This suggests the existence of a novel feedback loop for adjusting hypoxia-regulated gene expression. We have recently shown that HIF-1α stability, HIF-1 nuclear translocation and HIF-mediated gene expression in human glioma cell lines can be stimulated by pyruvate independently of hypoxia. In the present study we show that the endogenous 2-oxoacid oxaloacetate can also activate HIFmediated gene expression. Pyruvate and oxaloacetate treatment of cells also up-regulates HPH-1 and HPH-2, but not HPH-3 or the HIF asparaginyl hydroxylase FIH-1 (factor inhibiting HIF). Regulation of HIF-1 and the expression of HPH homologue genes can thus be influenced by specific glycolytic and tricarboxylic acid cycle metabolites. These findings may underlie important interactions between oxygen homoeostasis, glycolysis, the tricarboxylic acid cycle and gluconeogenesis.
INTRODUCTION
Hypoxia induces adaptive responses in many organisms via the hypoxia-inducible factor family of transcriptional factors (HIF-1, HIF-2 and HIF-3), which up-regulate genes involved in glycolytic energy metabolism, cell growth and survival, angiogenesis and erythropoiesis [1] . Members of the HIF family are heterodimers comprising HIFα and HIFβ subunits [2] , both of which are constitutively expressed in mammalian cells. Regulation of the HIF-1 complex is mainly dependent upon degradation of the HIF-1α subunit. Under normoxic conditions, HIF-1α is targeted for ubiquitinylation and proteasomal degradation via the E3 ligase component pVHL (von Hippel-Lindau protein), a tumour suppressor [3, 4] . This process requires the binding of pVHL to an ODD (oxygen-dependent degradation domain) on the HIF-1α protein [5] . Enzymic incorporation of oxygen into the HIF-1α ODD is required to generate the binding site for pVHL [6] , thus subjecting this process to regulation by oxygen availability.
Three distinct HIF prolyl hydroxylases (HPH-1, HPH-2 and HPH-3) have been identified, which regulate the binding of pVHL to HIF-1α by using molecular oxygen to hydroxylate proline residues 402 and 564 on the HIF-1α ODD [7] [8] [9] . HIF-1α is also hydroxylated at Asn 803 by another hydroxylase known as FIH-1 (factor inhibiting HIF) [10] [11] [12] . Hydroxylation of Asn 803 prevents HIF from interacting with the transcriptional co-activator p300 and therefore blocks HIF-mediated transcriptional activation [10] [11] [12] . By virtue of their ability to regulate HIF, the HPH homologues and FIH-1 are together referred to as oxygen sensors. These enzymes require oxygen, iron and 2-oxoglutarate for their activity. This explains why the hypoxic stimulation of HIF-1α protein stabilization and HIF-mediated gene transcription is mimicked by the iron chelator DFO (desferrioxamine), the ironAbbreviations used: CA9, carbonic anhydrase IX; DFO, desferrioxamine; DMOG, dimethyloxalylglycine; HIF, hypoxia-inducible factor; FIH-1, factor inhibiting HIF; HPH, HIF prolyl hydroxylase; HRE, hypoxia-response element; IAA, iodoacetate; ODD, oxygen-dependent degradation domain; pVHL, von Hippel-Lindau protein, TCA cycle, tricarboxylic acid cycle; RT, reverse transcriptase. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (e-mail averma@usuhs.mil).
displacing metal cobalt or synthetic 2-oxoglutarate antagonists, such as DMOG (dimethyloxalylglycine) [7] [8] [9] [10] [11] [12] . In addition to these regulatory factors, forced over-expression of each HPH homologue and FIH-1 has been shown to blunt HIF activation by hypoxia in cultured cells [13] . This suggests that the ability of cells to make transcriptional responses to hypoxia may be modified via altered expression of the HIF hydroxylases. Differential expression of the three HPH homologues and FIH-1 amongst various mammalian organs supports this notion [14, 15] . The hph-1 and hph-2 genes have been shown to be inducible by hypoxia [7, 13, 16, 17] . This up-regulation appears to underlie previous observations that the rate of HIF-1α decay following hypoxic induction depends upon the duration of the hypoxic period, with longer hypoxic periods promoting a more rapid degradation of HIF-1 upon re-oxygenation [18] . HIF activation is itself required for the hypoxic induction of HPH homologues, since this induction is blocked by HIF-1α small interfering RNA [19] and is absent in hif1α −/− cells [17] . HIF-dependent HPH induction thus appears to represent a novel feedback mechanism for blunting HIF-induced gene expression during and after prolonged periods of hypoxia.
Although hypoxia is the ubiquitous inducer of HIF-1α in all cells tested, other stimuli, such as cytokines, growth factors, reactive oxygen species and nitric oxide, can also activate HIF under normoxic conditions (for review, see [20] ). It is not known whether these stimuli also regulate expression of HPH homologues or of FIH-1. We have recently identified the glucose metabolite pyruvate (2-oxopropanoate) as a normoxic regulator of HIF [21] . Pyruvate was shown to increase HIF-1α levels, promote HIF-1 DNA binding and increase mRNA levels of several genes known to be regulated by HIF in human gliomas and other cell types, even in the presence of oxygen [21] . In the present study we demonstrate direct activation of a HIF-regulated promoter by the glycolytic metabolite pyruvate, as well as the TCA (tricarboxylic acid) cycle intermediate oxaloacetate, in human glioblastoma cells. We show that these endogenously occurring 2-oxoacid analogues of 2-oxoglutarate can effectively stabilize HIF-1α and activate HIF-dependent gene expression. Pyruvate and oxaloacetate also prominently increase mRNA and protein levels of HPH-1 and HPH-2 independently of hypoxia. Glycolytic and TCA cycle metabolites may thus regulate a feedback loop featuring HIF and HPH homologues independently of hypoxia.
EXPERIMENTAL

Cell culture and hypoxia treatments
The human glioblastoma U87, U251 and U373 cell lines were cultured in Eagle's minimum essential medium with Earle's balanced salt solution without L-glutamine, supplemented with 10 % fetal bovine serum and 1 % penicillin/streptomycin. Cell lines were maintained in 5 % CO 2 /95 % air atmosphere at 37
• C. For hypoxia treatments, the culture dishes were sealed in an incubator chamber and flushed with a gas mixture of 1 % O 2 /5 % CO 2 /94 % N 2 for 5 min, and incubated under this environment at 37
• C for the indicated time.
Materials
Culture media and fetal bovine serum were from Mediatech. DMOG was from Frontier Scientific. All remaining chemicals were from Sigma. • C with anti-HIF-1α antibody at 1:200 in PBS with 0.3 % Triton X-100 and 1.5 % normal horse serum. After washing with cold PBS, primary antibody was detected using ABC elite kit with biotinylated horse anti-mouse secondary antibody at 1:200 (Vector Laboratories). Immunoreactions were visualized with 3,3-diaminobenzidine.
Western blot analysis of HIF-1α, HPH-1 and HPH-2
For HPH-1 and HPH-2, whole cell extracts were prepared by lysing pelleted cells in RIPA buffer (0.1 % SDS, 1 % Nonidet P40, 5 mM EDTA, 0.5 % sodium deoxycholate, 150 mM NaCl, 50 mM Tris/HCl, freshly supplemented with 2 mM dithiothreitol and protease inhibitors) for 30-60 min on ice. Lysates were centrifuged at 16 000 g for 10 min (4 • C), the supernatant was subjected to electrophoresis in Novex 4-12 % Tris/glycine precast gels (Invitrogen), transferred on to nitrocellulose, and blotted using the polyclonal antibodies as described above. Nuclear extracts and Western blotting for HIF-1α was performed as previously described [21] .
RT (reverse transcriptase)-PCR and quantificative RT-PCR analysis of oxygen sensors in various tissues and human glioma cell lines
Total RNA from cell lines were prepared using the RNeasy Mini Kit (Qiagen). Total RNA from human brain, heart and testis tissue was purchased (ClonTech). Total RNA (1.8 µg) was reverse transcribed using the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen). The following forward/reverse primers were used: for human HPRT1 (hypoxanthine phosphoribosyltransferase 1) (GenBank ® accession no. NM 000194), 5 -TGAC-ACTGGCAAAACAATGCA-3 /5 -GGTCCTTTTCACCAGCA-AGCT-3 ; for human HPH-1/EGLN3 (see the Results section for an explanation of the EGLN nomenclature) (GenBank ® accession no. NM 022073), 5 -AGATGTGGAGCCCATTTTTG-3 /5 -CA-GATTTCAGAGCACGGTCA-3 ; for human HPH-2/EGLN1 (GenBank ® accession no. NM 022051), 5 -AAACCATTGGG-CTGCTCAT-3 /5 -CGTACATAACCCGTTCCATTG-3 ; for human HPH-3/EGLN2 (GenBank ® accession no. NM 053046), 5 -CTGCTGCAGATCTTCCCTGAG-3 /5 -TAGGCGGCTGTG-ATACAGGT-3 ; for human FIH-1 (GenBank ® accession no. NM 017902), 5 -AACTGGGCCTACAAGCTCAA-3 /5 -CTTGCAC-CCCTAGTGTGGAT-3 ; for human CA9 (carbonic anhydrase IX) (GenBank ® accession no. NM 001216): 5 -CACTCCTGCCC-TCTGACTTC-3 /5 -AGAGGGTGTGGAGCTGCTTA-3 . HotStarTaq DNA Polymerase (Qiagen) was used for RT-PCR amplifications. For quantificative real-time PCR analysis, the SYBR Green PCR Master Mix (PerkinElmer) and ABI Prism 7700 Detection System was used. Single-band amplification was verified through multicomponent analysis.
HIF peptide hydroxylation assay
U251 cell cytoplasmic extract was made by harvesting cells in lysis buffer (20 mM Tris, pH 7.5, 5 mM KCl, 1.5 mM MgCl 2 and 1 mM dithiothreitol) at 4
• C using a Dounce homogenizer. The lysate was centrifuged at 20 000 g for 15 min. The supernatant (200 µg) was used as the source of enzyme in the 35 S-labelled pVHL pulldown assay, as described previously by Bruick et al. [8] .
U251 cell HRE (hypoxia-response element)-luciferase assay
U251 cells stably expressing a luciferase reporter gene under the control of three copies of HRE (a gift from Dr Giovanni Melillo, National Cancer Institute-Frederick, Frederick, MD, U.S.A.) were cultured in 12-well plates. Luciferase assays were performed in a 96-well microtiter plate luminometer (Dynex Technologies) using the Luciferase Assay System (Promega). Each treatment was carried out in triplicate.
RESULTS
Human glioma cells express HIF hydroxylases and degrade HIF-1α more rapidly after prolonged hypoxia
Three different nomenclatures are currently used for the three identified human homologues of HIF prolyl hydroxylases: the HPH nomenclature reflects the unique HIF prolyl hydroxylase activity of these enzymes and is the nomenclature used here. The PHD nomenclature reflects the presence in these enzymes of a consensus prolyl hydroxylase domain that is found in other prolyl hydroxylases, such as those involved in collagen synthesis [7] . The EGLN nomenclature reflects the homology of these enzymes to the Caenorhabditis elegans egg-laying defect gene, EGL-nine [7] . The relationship between these nomenclatures is such that HPH-1, HPH-2, HPH-3 ≡ PHD-3, PHD-2, PHD-1 ≡ EGLN-3, EGLN-1, EGLN-2 respectively ( Figure 1A) .
Mammalian tissues display unique expression profiles for HPH mRNAs. Using specific PCR primers we identified mRNA for all 3 HPH homologues, as well as FIH-1, in each of the U87, U251 and U373 human glioma cells lines ( Figure 1B) . The relative expression profile of these genes was similar among the glioma cell lines, and more similar to that of human brain than of heart or testis [15] (Figure 1B ). Both HPH-1 and HPH-2 have recently been shown to be up-regulated by hypoxia [7, 13, 16, 17] . Using polyclonal antibodies against HPH-1 and HPH-2, we also observed enhanced expression of the HPH-1 and HPH-2 proteins following hypoxia (1 % O 2 ) for 4 h and 16 h, as compared with normoxic (21 % O 2 ) controls ( Figure 1C ). Using the same glioma cell extracts that displayed enhanced HPH-1 and HPH-2 protein expression, we also observed a greater enhancement of HIF-1α ODD peptide hydroxylating activity in extracts from U251 cell exposed to 16 h of hypoxia compared with those exposed to only 4 h of hypoxia ( Figure 1D ). HPHs promote proteolytic decay of HIFα subunits. HeLa cervical carcinoma cells have been shown to display an acceleration of HIF-1α decay following prolonged hypoxia [18] . Similarly, we found that in human U251 glioma cells, the rate of HIF-1α decay upon re-oxygenation was faster following 16 h of exposure to hypoxia (1 % O2) than following 4 h of hypoxia ( Figure 1E ). Thus human glioma cells express inducible HPH homologues.
2-Oxoacid metabolites of glycolysis and the TCA cycle can activate HIF
The HIF pathway can also be activated by several stimuli under normoxia [22] . We recently employed short-term culture of human glioma cells in Krebs buffer to identify pyruvate as a key glucose metabolite that could increase HIF-1α protein levels [21] . To distinguish the contribution of glucose metabolites from other stimuli in HIF activation, we cultured glioma cells for several hours in glucose-free Krebs buffer with selective additions (Figure 2) . The glioma cell lines grown in this manner were found to be viable for at least 24 h and were capable of robust HIF activation. This was demonstrated using Western blotting to assess HIF-1α protein stabilization in both U87 and U251 cells following 4 h exposure to hypoxia, DFO, cobalt or DMOG (Figure 2A ). Similar to these well-known stimulators of HIF-1, we found that pyruvate and oxaloacetate, two endogenous 2-oxoacid analogues of 2-oxoglutarate that are derived from glycolysis and the TCA cycle respectively, were also efficient inducers of HIF-1α protein stability (Figure 2A ). Other TCA cycle intermediates that occur between pyruvate and oxaloacetate were without effect ( [21] , and results not shown). Similar to hypoxia and the other hypoxia-mimicking agents, pyruvate and oxaloacetate also clearly promoted HIF-1α nuclear translocation ( Figure 2B ), as well as the expression of a luciferase construct under the control of a HIFregulated promoter ( Figure 2C ). 2-Oxoglutarate itself did not promote HIF-1α accumulation ( Figure 2B ). Thus, similar to pyruvate, the TCA cycle intermediate oxaloacetate can specifically promote HIF-1α stability and HIF-1 transactivational activity independently of hypoxia.
Pyruvate and oxaloacetate differentially induce expression of oxygen sensors in glioma cells
To evaluate the contribution of hypoxic and normoxic HIF-1α activators in regulating the expression of HIF-1α hydroxylating enzymes, we cultured U251 glioma cells in glucose-free Krebs for 8 h and individually determined the effects of hypoxia, hypoxiamimicking agents, pyruvate and oxaloacetate on the expression of HPH-1, HPH-2, HPH-3 and FIH-1 mRNA by using quantificative real-time RT-PCR analysis. As shown in Figure 3(A) , hypoxia, DFO, cobalt, DMOG, pyruvate and oxaloacetate all markedly enhanced the expression of HPH-1 and HPH-2, but not HPH-3 or FIH-1. As expected the expression of CA9, a well-known HIF-1 regulated gene, was also upregulated by these stimuli. The enhancement of HPH-1 and HPH-2 by all stimuli, as shown for pyruvate in Figure 3(B) , was inhibited by actinomycin D. Moreover, protein levels of both HPH-1 and HPH-2 were upregulated by each of these treatments ( Figure 3C ). These studies were performed in glucose-free buffers in order to eliminate substantial contribution to HIF-1 activation via a build-up of glycolytic metabolites. To confirm that glucose metabolism could indeed influence expression of HPH homologues, we also employed an alternate pharmacological strategy. U251 cells were transferred from medium into Krebs buffer with or without 20 mM glucose. A significantly higher expression level of HPH-1 and HPH-2 was seen after 8 h culture in the glucose-containing buffer, which was blocked by the presence of 5 µM iodoacetate (Figure 4) . The inhibitory effect of iodoacetate could, however, be bypassed (A) Cells were cultured as described earlier, switched to glucose-free Krebs-Henseleit buffer, and treated with 1 % O 2 , or the following agents in normoxia for 8 h: 150 µM DFO, 100 µM CoCl 2 , 1 mM DMOG, 2 mM pyruvate or 2 mM oxaloacetate. The level of mRNA was determined by quantificative RT-PCR using the SYBR green dye, as described in the Experimental section. The amount of each mRNA in samples was normalized to the HPRT1 mRNA in the same sample. Genomic amplification was minimized by using primers that span exons and by verifying single amplicons through multicomponent analysis. Results are represented as the fold change of normalized level of mRNA in the treatment over the value obtained in normoxic controls. The mean from at least four independent experiments is shown. For HPH-1, HPH-2 and CA9, results from all treatments were statistically significant with respect to normoxia (P < 0.01, Student's t test). (B) U251 and U87 cells were switched to Krebs-Henseleit buffer and treated with 2 mM pyruvate (Pyr) for 8 h in the presence or absence of 0.5 µg/ml of actinomycin D (Act D), as indicated. mRNA levels of HPH-1 and HPH-2 were analysed by RT-PCR and compared with untreated controls (Con). A representative experiment, out of two, is shown. (C) U251 cells were switched to Krebs-Henseleit buffer and treated with 1 % O 2 , or the following agents in normoxia for 16 h: 1 mM DMOG, 2 mM pyruvate (PYR) or 2 mM oxaloacetate (OAA). Western blot analysis was performed as described in the Experimental section.
by the inclusion of 2 mM pyruvate or oxaloacetate in the culture buffer.
DISCUSSION
The main novel data presented in the present study are that oxaloacetate, a TCA cycle metabolite, can activate HIF, and that both pyruvate and oxaloacetate can also induce expression of HPH-1 and HPH-2 genes. HIF prolyl and asparaginyl hydroxylases are now recognized as mammalian oxygen sensors that belong to the large family of oxygen-, iron-and 2-oxoglutaratedependent dioxygenases [7, 8, 11] . HIF hydroxylase activity can be inhibited by lack of oxygen and displacement of iron or 2-oxoglutarate. This observation explains the ability of several Figure 4 Regulation of oxygen sensor mRNA expression by glycolysis is inhibited by the glycolysis inhibitor, iodoacetate, and restored by endogenous 2-oxoacids Cells were cultured as described earlier, switched to glucose-free Krebs-Henseleit buffer, and were treated with the following agents in normoxia for 8 h, as indicated: 20 mM glucose (GLUC), 5 µM iodoacetate (IAA), 2 mM pyruvate (PYR) and/or 2 mM oxaloacetate (OAA). The level of mRNA was determined by quantificative RT-PCR using the SYBR green dye, as described in the Experimental section. The amount of each mRNA in samples was normalized to the HPRT1 mRNA in the same sample. Genomic amplification was minimized by using primers that span exons and by verifying single amplicons through multicomponent analysis. Results are represented as the fold change of normalized level of mRNA in the treatment over the value obtained in normoxic controls. The means + − S.D. for three independent experiments are shown. For all treatments, results were statistically significant with respect to the normoxia and glucose plus iodoacetate (IAA) treatments (P < 0.05, Student's t test).
mimickers of hypoxia to activate HIF. Altered gene expression of specific HPH homologues is a newly appreciated means of regulating hypoxic transcriptional responses. So far, the HPH-1 and HPH-2 homologues are known to be inducible genes with hypoxia being the only known physiological stimulus capable of their induction [7, 13, 16, 17] . HIF-1 is strongly implicated in the hypoxic induction of HPH homologues, thus suggesting a novel feedback loop for blunting hypoxic gene expression. In the present work, we have confirmed the existence of such a feedback mechanism in human glioma cells. We have demonstrated that hypoxia up-regulates mRNA, protein and enzymic activity of HPH-1 and HPH-2. Increased HIF prolyl hydroxylation activity with increasing duration of hypoxia may underlie the faster rate of HIF-1α proteolysis seen upon re-oxygenation (Figure 1 ). This may represent a mechanism for limiting hypoxia-inducible gene expression and also for adapting to re-oxygenation. Additionally, changes in the relative expression profile of oxygen sensors may be of physiological relevance, since the three HPHs have differing affinity for HIFα subunits [23, 24] and individual HPH homologues may have different activities toward the two target proline residues on various HIFα subunits [7, 23] . Differential induction of HPH homologues may thus alter the relative cellular ratios of HIFα subunit isoforms.
Although hypoxia is the ubiquitous inducer of HIF-1α in all cells tested, other physiological stimuli, such as cytokines, growth factors, reactive oxygen species, nitric oxide and pyruvate, can also activate HIF under normoxic conditions [20, 21] . The mechanism of action for most of these normoxic HIF activators remains unclear and only nitric oxide has been shown to directly inhibit HIF prolyl hydroxylases [25] . We have shown here that the endogenous 2-oxoacids pyruvate and oxaloacetate can both effectively stabilize HIF-1α and activate HIF-dependent gene expression (Figure 2) . These results provide the first evidence for regulation of the HIF-1 pathway by oxaloacetate. Although similar to pyruvate, oxaloacetate is a key intermediate at the crossroads of several metabolic pathways, it plays unique biochemical roles in transferring reducing equivalents between the mitochondrial and cytoplasmic compartments, and also serves as the key intermediate in gluconeogenesis. Both pyruvate and oxaloacetate have been shown to inhibit some 2-oxoglutarate-dependent dioxygenases [26] , but not others [27] . By acting as endogenous antagonists for HIF hydroxylases, pyruvate and oxaloacetate may constitute a hypoxia-independent regulation of HIF-mediated gene expression, which responds to changes in cellular energy metabolism and nutritional status. Moreover, inhibition of mitochondrial oxidative metabolism during hypoxia could lead to elevated levels of these 2-oxoacids, thus suggesting a collaborative role for these metabolites in hypoxic signalling.
Anaerobic energy metabolism is prominently stimulated by HIF activation via the induction of several genes for glucose transporters and glycolytic enzymes [28] [29] [30] . The hypoxia-induced upregulation of HIF which elevates levels of anaerobic metabolites, such as pyruvate and oxaloacetate, could act in a feedforward manner to sustain HIF activation, even upon re-oxygenation. We postulated that, as with hypoxia, normoxic HIF activators may also enhance the expression of HPH homologues to prevent such a feedforward cycle. Like hypoxia, both pyruvate and oxaloacetate were found to up-regulate HPH-1 and HPH-2 mRNA levels in cell culture ( Figure 3) . Furthermore, inhibition of ongoing glycolytic metabolism by iodoacetate inhibited the expression of HPH-1 and HPH-2. This provides the first evidence for transcriptional regulation of HPH homologues by physiological stimuli other than oxygen. Regulation of HPH gene expression by glycolytic and TCA cycle metabolites could independently modify the oxygen-sensing abilities of cells, and may underlie important interactions between oxygen homoeostasis and glucose metabolism [29, 30] . Intermediates of cellular energy metabolism may also influence the newly identified actions of HPH homologues in regulating cell growth control [31, 32] .
